The choice of a rotation length is an integral part of even-aged forest management regimes. In 34 this study, we have simulated stand development and carbon pools in four even-aged stands 
Forests contributes to climate change mitigation when atmospheric carbon is assimilated by 57 trees and other vegetation resulting in a net ecosystem production that can be described as the 58 long-term carbon-sequestration by ecosystems (Luyssaert et al 2007) . Net ecosystem 59 production is the actual carbon sink strength of the forest ecosystem. In a managed forest 60 system the accumulated carbon can be stored in the forest to increase the carbon stock and/or 61 harvested for consumption. When forest-based products substitute products with a fossil 62 origin or products with high process emissions such as cement manufacturing society's 63 addition of fossil carbon to the atmosphere is reduced. To estimate forestry's full effect on the 64 CO 2 -concentration in the atmosphere both the effect of carbon stock changes in the forest 65 ecosystem and substitution effects including carbon stock changes in forest based products 66 should be considered simultaneously. When substitution effects are estimated not only 67 avoided emissions due to the replacement of fossil based products and energy intensive 68 materials with renewable forest based products should be considered but also emission 69 related to management practices and processing of the harvested wood (Lundmark et al. 70 2016, Braun et al. 2016) .
72
Fennoscandia is characterized by a long history of even-aged forest management, the 73 majority of productive forestland having been actively managed for wood production for at 74 least a century. Also in many other forest countries this is the dominating silvicultural system 75 with the aim to have an even age class distribution across the landscape to allow a steady 76 flow of timber from the forest to the industry (Filip et al. 2000; Nordin and Sandström 2016) .
77
Tree growth of such managed even-aged stands follows a pattern whereby the current annual 78 increment (CAI) increases after stand establishment, peaks when maximum leaf area is 79 attained to thereafter decline (Assmann 1970 (Roberge et al. 2016) . In Fennoscandia profitability and evenness of revenues are guiding 86 principles (Brukas and Weber 2009) and managers normally apply standard investment 87 analyses techniques in scheduling silvicultural activities, typically using a discount rate of 2-88 3%. By optimisation of the forestland's net present value at these levels of interest, the 89 rotation length, i.e. the time period elapsed between two final fellings, for a stand normally 90 become shorter than if average wood volume production would be maximized (Hyytiäinen 91 and Tahvonen 2002; Näslund 1969) .
93
This practice may be challenged, as climate change mitigation becomes an additional concern 94 to consider in silvicultural decisions. It has been claimed that longer rotations increasing the 95 average carbon stock in stands also increase the overall climate benefit of forestry (Ekholm 96 2016; Kaipainen et al. 2004; Liski et al. 2001; Zanchi et al. 2014) . The likely positive effects 97 of longer rotations on forests' climate change mitigation potential may, however, be 98 counteracted by reduced harvesting if MAI is reduced which in turn leads to lowered 99 substitution effects (Ericsson 2003 , Hector et al. 2016 . To understand the effects of altered 100 rotation lengths on forests' climate change mitigation potential both the effects on carbon 101 stocks in the forest and in forest products as well as on substitution in society have to be 102 considered simultaneously. In this paper we evaluate the effect of varied rotation length, in 103 relation to a reference rotation length where economic value has been optimized for the site 104 and the tree species growing at the site. The analyses are at the stand level and comprise two D r a f t 5 site fertility classes (rich and poor) and two tree species Norway spruce (Picea abies) and
106
Scots pine (Pinus sylvestris). We use a comprehensive modeling approach to describe forest 107 growth and yield from stand establishment to the final harvest for different rotation lengths.
108
The analyses include economic value and carbon stock changes in forest biomass, soil carbon 109 and forest-based products as well as substitution effects.
110

Materials and methods
111
Study sites
112
We have simulated stand development and carbon pools in four even-aged stands 113 representing the two most common tree species in Fennoscandia, Norway spruce (Picea 114 abies) and Scots pine (Pinus sylvestris), growing on high and low productive sites. Site index 115 determined by dominant tree height at the age of 100 years (Hägglund 1972; Hägglund 1974) 116 was used to describe the fertility of the sites. The high productive sites represented a site reduced with competition modifier depending on the basal area of trees larger than the subject 143 tree. Tree diameter and height are used to estimate stem volume (Brandel 1990) forestry practice (Simonsen et al. 2010) . The management program with the highest LEV was 167 chosen as our reference rotation for each site.
168
Prices and costs
169
For the economic analysis, Heureka simulates bucking of the stems to sawlogs and pulpwood for spruce.
175
Harvesting costs were calculated with functions based on productivity statistics from Swedish 176 forestry (Brunberg 2012a, b) . Per hour machine costs was set to 100 € for harvester in efficiency (CCME) introduced by Lundmark et al. (2014) and Braun et al. (2016) . CCME 214 takes into account;
215
• Carbon stock changes in the forest ecosystem (including soil);
216
• Carbon stock changes in long-lived wood products (the model calculations use 217 historical data taken from various statistical sources to establish initial pool sizes);
218
• Fossil emissions from forest management and logistics;
219
• Production emissions from the forest industry;
220
• Substitution effects through the avoidance of the production and disposal of
221
(generally more energy-intensive) non-wood products;
222
• 
Results
239
The land expectation value (LEV) estimates the value of forestland excluding the value of the 240 present timber. In the simulation of the reference scenario optimizing LEV gave a rotation 241 length that varied between 75 and 115 years depending on tree species and site fertility 242 (Table 1) . Shortening (10 years) or prolonging (10, 20 or 30 years) the rotation length relative 243 to this reference lowered LEV. In absolute terms, the largest reduction was found in the more 244 fertile stands when rotation length was prolonged by 30 years (Fig 1) .
246
Mean annual carbon stock in living biomass over a rotation increased when rotation length 247 was prolonged 10-30 years relative to the reference, and decreased when rotation length was 248 shortened 10 years. This was consistent for pine and spruce stands at high-as well as low 249 productivity sites (Fig 1) .
Prolonging the rotation length 20 and 30 years relative to the reference reduced mean annual 252 increment, resulting in lowered substitution effects for both pine and spruce stands at high-as 253 well as low productivity sites. Prolonging the rotation with 10 years resulted in a minor 254 increase in substitution effects in the spruce stands and in a minor decrease in the pine stands.
255
Shortening the rotation length 10 years generally gave only minor effects on substitution 256 relative to the reference rotation (Fig 1) .
258
The average annual carbon stock change in wood products and forest soil varied to a small 259 extent between the different rotation periods and represented only a minor part of the total 260 carbon balance in the different silvicultural alternatives that were studied (Fig 1) . but also here at a cost of decreased economic return. The largest climate benefit relative to 273 the decrease in economic return was obtained at the low productivity sites where the loss in 274 LEV in absolute terms was much smaller than for the high productivity sites (Fig 1, Tab 2 10 years, however, decreased harvesting potential for both pine and spruce dominated stands.
289
The choice of a rotation length is an integral part of even-aged forest management regimes today's practice increase the average carbon stock in stands and it has been suggested that 296 this would increase forests' climate change mitiagtion potential (Kaipainen et al. 2004; Liski 297 et al. 2001; Zanchi et al. 2014) . These studies include carbon in standing biomass, soil and 298 wood products, but not substitution effects and the effects on economic return when altering 299 rotation lengths. Our simulation study support these previous studies as we show that the D r a f t 13 effect of prolonging the rotation length, relative to a reference scenario, increases forests' 301 average carbon stocks over the rotation for both spruce and pine stands on high and low 302 productivity sites (Fig 1) . It is, however, important to consider that the effect of increasing 303 carbon stocks at the stand level is related to the actual change in average carbon stock from 304 one rotation to the next. This means that the effect will be temporary and restricted to the first 305 new rotation (Hektor et al. 2016) . During the following rotations the prolonged rotation will 306 be the new reference and consequently there will be no further climate benefit since future 307 average carbon stock will remain unchanged. Moreover, if substitution effects are also 308 included in the estimation of climate benefits, our study highlights a difference between the 309 two tree species. For spruce prolonging the rotation by 10 years had a positive effect on the 310 harvesting potential and hence the substitution, while for pine a negative effect was found.
311
This can be explained by species specific differencens in growth dynamics where current 312 annual increment declines more slowly over time for spruce than for pine after maximum 313 annual increment has been reached (Nilsson et al. 2010) . The climate benefit gained from 314 increased standing stocks when prolonging rotations for > 10 years was counteracted by 315 reduced yield for both spruce and pine. This effect of prolonging rotations is well known and 316 has been discussed earlier in terms of reduced climate benfit (Ericsson 2003; Hektor et al. 317 2016). Considering that the positive effects of increased carbon stock is temporary, while the 318 substitution effects will be permanently lowered when rotations are prolonged it is evident 319 that the positive climate benefit of prolonging rotations will be restricted to one rotation.
320
During the following rotations the climate benefit will be negative due to the lower yield, and 321 consequently lower substitution effects. Table 2 ). The most cost efficient alternative was for the low productivity spruce 327 site where the cost per Mg C was 9€ (for the +10 years rotation) and 71€ (for the +30 years 328 rotation). These costs can be compared with the carbon price in the trading market during 329 2016 that has varied between 15€ and 30€ per Mg C (https://www.eex.com/en#/en).
330
Consequently, at present only the alternative with spruce on low productivity sites and a 331 prolonged rotation of 10 years seems to be a market competitive alternative to mitigate 332 climate change, although this would change if the price for carbon trading sharply increased.
334
In our study we also included one alternative where rotation length was shortened 10 years Sveaskog has expressed a desire to be allowed to harvest some types of forest stands earlier 340 than currently allowed by the law to compensate for ambitious set-asides of forest for 341 conservation purposes (Fries et al. 2015) . Our study shows that shorter rotations decrease 342 both forest carbon stocks and the harvesting potential (and hence the substitution effect),
343
resulting in a permanently lowered climate benefit of the forest. Whatever reasons given for 344 shortening the rotation periods relative to today's forestry practice thus must take into 345 account also the resulting negative effects on forests' climate change mitigation potential.
347
It should be noted that in our simulation study we estimated a climate change mitigation 
